SnO 2 /Sn nanocables have been grown on single-crystal Si substrates by metal catalyst assisted thermal evaporation of SnO powders. The morphologies and structures of the prepared nanocables were determined on the basis of field emission scanning electron microscopy (FESEM), high-resolution transmission electron microscopy (HRTEM), x-ray diffraction (XRD), Raman and photoluminescence (PL) spectra analyses. The microstructures and compositions of the top and bottom regions of the SnO 2 /Sn nanocables were identified by HRTEM in detail, which revealed some basic physical and chemical processes involved in the formation of the nanocables. A growth model was proposed to address the formation of SnO 2 /Sn nanocables on the basis of the vapour-liquid-solid (VLS) process.
Introduction
Recently, attention has been focused on the research field of one-dimensional (1D) nanomaterials such as nanowires, nanorods and nanocables, because of both their fundamental importance and potential applications in nanodevices [1] . Semiconductor 1D nanomaterials have many interesting physical properties and a range of applications in optoelectronic devices, nonlinear optical photoelectrochemical cells, solar energy conversation and heterogeneous photocatalysis [2] . For instance, nanocables have attracted great interest due to their great potential in both interconnection and functional units in fabricating electronic and optoelectronic devices with nanoscale dimensions [3] [4] [5] [6] [7] [8] [9] . SnO 2 is an important functional material that has been widely applied in optoelectronics and microelectronics. For example, SnO 2 can be utilized in solar cells [10] , transparent conducting electrodes [11] , gas sensors [12, 13] , and transistors [14] . Therefore, to fabricate SnO 2 -based nanoscaled devices, researchers face one great challenge, i.e. trying to prepare various nanoscaled building blocks from zero to three dimensions such as particles, tubes or wires, and belts or junctions. Accordingly, a lot of selfassemblies and syntheses of 1D nanostructures have emerged in recent years [15] [16] [17] [18] [19] . For instance, well-aligned arrays of SnO 2 nanotubes and microtubes with square and rectangular 1 Author to whom any correspondence should be addressed.
cross sections (box-beams) were synthesized on quartz substrates via a simple vapour deposition process in an open atmosphere [15] . The SnO 2 nanowires were prepared using a pulsed-laser technique [16] . Similarly, SnO 2 nanorods were synthesized by a series of chemical methods [17] , and SnO 2 nanowires, nanoribbons and nanotubes were prepared using the elevated temperature synthesis technique [18] . Additionally, SnO 2 nanocrystals and nanowires were synthesized in an 'open tube' reactor with an optimized tubular furnace, in which the furnace was first heated up to 930
• C with the Ar/H 2 flux rate of 100 sccm and pressure of 300 mbar, and then the temperature of the furnace was lowered to 870
• C [19] . The mechanisms of the SnO 2 nanostructure formation above that were suggested were that SnO first decomposes into Sn and SnO 2 , and then Sn condenses into liquid droplets; finally, Sn evaporates from the droplet surfaces and reacts with O 2 to turn into SnO 2 nanostructures. Therefore, this process is a simple evaporation-condensation-oxidization, which is definitely different from the so-called vapour-liquid-solid (VLS) mechanism [1] . However, few studies have paid attention to 1D nanocables of SnO 2 [15] [16] [17] [18] [19] . In this contribution, we report that a unique SnO 2 nanostructure, SnO 2 /Sn nanocables, has been fabricated on silicon substrates by metal catalyst assisted thermal evaporation of SnO powders for the first time. High-resolution transmission electron microscopy (HRTEM) is employed to identify the detailed structure of the as-prepared nanocables, and a growth mechanism is established on the basis of the VLS process.
Experimental details
The growth apparatus used in our study was described in our previous works [20, 21] . A schematic illustration of the growth apparatus is shown in figure 1. SnO powders (99.99%) are placed into a small quartz tube with an inner diameter of 15 mm. An Au-Ag (atom ratio 1:1) layer (about 7 nm in thickness) is deposited on single-crystal silicon (001) substrates with an area of 5 mm 2 by sputtering. Note that we do not find that silver plays any catalyst role in the synthesis of SnO 2 nanostructures in our case. The reason that the AuAg alloying target is employed in sputtering is that the cost of the Au-Ag alloy is lower than that of pure gold. Si substrates covered by the Au-Ag alloy layer are then placed on the centre of a ceramic plate near the source of SnO powders and put inside the small quartz tube. Finally, the small quartz tube, with inner diameter of 15 mm, is pulled into the centre of a large horizontal quartz tube with inner diameter of 6 cm that is inserted in a horizontal tube electric furnace. The whole system is evacuated by a vacuum pump for 20 min, and then argon gas is guided into the system at 30 sccm, and the pressure of the system is kept at 200 Torr. Afterwards, the furnace is rapidly heated up to 650
• C from room temperature and kept at that temperature for 2.5 h. The temperature is measured by thermocouple 1. Meanwhile, the source temperature is 620
• C, measured by thermocouple 2, and the substrate temperature is 550
• C measured by thermocouple 3. In our studies, the temperature of thermocouple 3 is suggested to be the growth temperature. When the growth finishes, the system is cooled down to room temperature over several hours. It is found that a layer of grey-blue products is present on the Si substrates. The morphologies and microstructures of the products are analysed by field emission scanning electron microscopy (FESEM), HRTEM, and x-ray diffraction (XRD). Here, a JEOL-6330F field emission scanning electron microscope operated at an accelerating voltage of 15 kV and a JEOL-2010HR transmission electron microscope operated at an accelerating voltage of 200 kV are used. For FESEM, the samples can be used as in the as-prepared state; for TEM, the nanocables are placed onto copper grids covered with an amorphous carbon film by a wiping technology. The products are also characterized at room temperature using photoluminescence (PL) and Raman spectroscopy. The purposes of using single-crystal silicon wafers as substrates in our case are twofold: silicon wafers are readily available, and the grown nanocables may be further converted to nanodevices using Si-based microfabricating processing. SnO 2 nanobelts and SnO 2 nanowires have been synthesized by vapour transport too [22, 23] . Compared with the SnO 2 nanobelts and SnO 2 nanowires, the key factor of the growth condition of the SnO 2 nanocables lies in the lower growth temperature. , of which the normal lattice vibration at the point of the Brillouin zone is given on the basis of group theory [24] :
Results and discussion

Experimental analyses
Among them, the four first-order active Raman modes are B 1g , E g , A 1g and B 2g , and the active IR modes are A 2u , E u and B 1u , respectively. In figure 1(c), three fundamental Raman peaks at 470, 623 and 769 cm −1 are displayed, which respectively correspond to the E g , A 1g and B 2g vibration modes. The two weak Raman bands of 501 and 690 cm −1 seem to correspond to the IR-active A 2u LO and A 2u TO modes, which are similar to the E u(2) TO of SnO 2 nanopowders and the E u(2) LO of SnO 2 nanorods [25] [26] [27] . Furthermore, the peak at 540 cm −1 is identified to be of the S 2 mode, which is believed to be the consequence of the disorder activation of SnO 2 shells in SnO 2 /Sn nanocables [28] . Therefore, these Raman peaks further confirm that the as-synthesized SnO 2 in SnO 2 /Sn nanocables possess the peculiarity of the tetragonal rutile structure. On the other hand, the PL spectrum of the obtained SnO 2 /Sn nanocables measured at room temperature is shown in figure 2(d) . The PL spectrum consists of a weak emission band at 343 nm and three sharp and strong emission band located at 399, 470, 552 nm. First, the peak at 343 nm is the band-to-band emission peak of SnO 2 in SnO 2 /Sn nanocables, which originates from the recombination of free exciton electrons and holes [29] . The reason that the peak is weaker than other three peaks is that the peaks caused by defects, or nanocrystal grains, or defect levels associated with oxygen vacancies, or tin interstitials resulting from the size-effect of SnO 2 in SnO 2 /Sn nanocables are so strong as to swamp the band-to-band emission peak [30] . Second, previous reports indicated that SnO 2 thin films exhibit a broad dominant peak near 396 nm (3.13 eV), which may lead to the appearance of the peak at 399 nm. Third, the peak at 470 nm is possibly attributed to the electron transition mediated by defect levels such as oxygen vacancies in the band gap [31] . Fourth, the 513 nm peak is due to the concentration of oxygen vacancies [32] . It has been reported that the concentration of oxygen vacancies increases on increasing the substrate temperature [33] . Thus, these oxygen vacancies are created as the donor level below the conduction band and are the origin of the n-type SnO 2 nanostructures. Therefore, the intensity of the 513 nm peak increases on increasing the concentration of oxygen vacancies. Finally, the peaks of 419 and 552 nm have been observed in a previous report [20] ; they may be caused by other defects or oxygen vacancies, and detailed studies on the origin of these peaks will be investigated in the future. Figure 3 shows the detailed structural characters of SnO 2 /Sn nanocables by HRTEM. A section of a nanocable with the diameter of 25 nm is shown in figure 3(a) . The corresponding HRTEM pattern ( figure 3(b) ) recorded near the edge of the nanocable shows that the interplanar spacings in two different areas are respectively 0.233 nm and 0.373 nm, which are respectively corresponding to the (200) crystallographic plane of a rutile SnO 2 lattice and the (111) crystallographic plane of the cubic Sn lattice. In our study, the measurement error in our case is 0.1%. The corresponding selected area electron diffraction (SAD) pattern recorded with the electron beam perpendicular to the long axis of the centre of the nanocable is shown in figure 3(d) , in which the basic reflections of both SnO 2 spots connected with the yellow lines and Sn spots connected with the red lines appear due to the Sn nanowire core enveloped by the SnO 2 nanotube shell [34] . Additionally, the growth direction of the SnO 2 nanoshell in figure 3(a) is along the [112] direction of the SnO 2 crystal according to the direction of the green arrow in figure 3(d) due to the parallel relationship between the green arrow indicating the growth direction of the SnO 2 nanoshell in figure 3(a) and the green arrow directed to the (112) spot of the SnO 2 lattice from the centre spot in figure 3(d) . The SnO 2 nanoshell and the Sn nanocore shown in figure 3(a) have the same axis so the growth direction of the Sn nanocore indicated by the pink arrow is parallel to the growth direction of the SnO 2 nanoshell. Then, what is the direction of the pink arrow in the Sn crystal? If we look at figure 3(d) , the growth direction of the Sn nanocore is the same as that of the SnO 2 nanoshell indicated by the green arrow. Because of the lack of the necessary Sn spots indicating the growth direction of the Sn nanocore in the Sn crystal, a sketch map deduced from the SAD pattern in figure 3(d) is made and shown in figure 3(e). In figure 3(e) , the pink arrow indicating the growth direction [34] . Note that the (001) and (201) planes of SnO 2 have relatively higher surface energies than that of the (110) surface which is the most stable and the predominant surface in polycrystalline SnO 2 samples, which may lead to a growth along the directions [001] and [201] , respectively [36] . Similarly, the surface energy of the (112) indicated that the top of the SnO 2 /Sn nanocable is composed of Au, O and Sn (the Cu and C come from the TEM grid). The EDS spectrum ( figure 4(c) ) recorded along the trunk indicated that the trunk of the SnO 2 /Sn nanocable is composed of Sn and O (the Cu comes from the TEM grid). These results definitely show that the growth of SnO 2 /Sn nanocables is the typical VLS process [1] . We notice that the EDS pattern ( figure 4(b) ) of the top of the SnO 2 /Sn nanocable indeed shows that there is no Ag. This result indicates two aspects: silver does not play any catalyst role in the synthesis of SnO 2 /Sn nanocables, and the metallic nanoparticles deposited on the Si surface using sputtering of the Au-Ag alloying target may be of three kinds, i.e., separate Au and Ag, and Au-Ag alloying nanoparticles, in our case. Among the three kinds of nanoparticles, only Au nanoparticles can induce the growth of SnO 2 /Sn nanocables by the VLS mechanism, which is just the reason why the EDS pattern only shows the presence of Au on the top of the SnO 2 /Sn nanocables. With the increase of the thickness of the initial catalyst layer, the size of the carbon nanofibres (CNFs) will increase [37] [38] [39] [40] . Analogously, the size of the nanocables increases with the increase of the thickness of the initial catalyst layer in our case. In addition, the diameter of Si nanowires (SiNWs) increases on increasing the Aucatalyst diameter [41] [42] [43] [44] [45] . In our studies, when the size of the Au particle at the tip of the nanocable increases, the size of the nanocables increases. Consequently, a thinner nanocable and thinner Au particles at the tip of the nanocable will be produced [37] [38] [39] [40] [41] [42] [43] [44] [45] when a thinner layer of pure Au is used as the catalyst film instead. Figure 5 shows the detailed structure of the root of the SnO 2 /Sn nanocable with a diameter of 20 nm. Figure 5(a) is the TEM bright field image of the root. The corresponding EDS spectrum recorded at the root indicates that the root of the SnO 2 /Sn nanocable is composed of Sn and O (the Cu and C come from the TEM grid). The corresponding HRTEM image ( figure 5(c) ) recorded at the root of the nanocable shows that the interplanar spacings in two different areas are respectively 0.233 and 0.373 nm, which respectively correspond to the (200) crystallographic plane of the rutile SnO 2 lattice and the (111) crystallographic plane of the cubic Sn lattice. These results demonstrate that the shell of the root of the nanocable is the SnO 2 nanotube while the core of the root is the end of the Sn nanowire. Note that we do not detect Au at the root of the nanocable by EDS. This observation suggests that both the shell and core of SnO 2 /Sn nanocables originate from the catalyst-alloying droplet as shown in figure 4 .
Generally, tin has a body-centred tetragonal structure (β-Sn) at room temperature. The phase transformation from β-Sn to α-Sn (face-centred cubic structure) takes place when the temperature is lower than 13.2
• C. However, in our case, the structure of Sn in the SnO 2 /Sn nanocables is indeed identified to be α-tin by XRD, SAD and lattice patterns obtained by HRTEM. Up to now, we have not gained a better understanding of the issue. The confinement of the SnO 2 nanoshell may be responsible for the formation of the α-Sn core in the synthesized nanocables in our case. Therefore, we will pursue the anomalous stability of the α-Sn phase confined inside the nanotubes in the near future.
Growth model
Based on the experimental observations above, we find that there exists a fundamental issue: which physical and chemical mechanisms cause the formation of SnO 2 /Sn nanocables. Associated with the vapour-liquid-solid process [1] , we propose a simple growth model to address the synthesis of SnO 2 /Sn nanocables in our case, as shown in figure 6 . During the thermal evaporation process, the following chemical reaction will take place when the temperature is above 300
• C [24, 30-33, 46, 47] :
In our experiments, the whole growth process of the SnO 2 /Sn nanocable is suggested to be the following three stages. The first stage is the formation of Sn-Au alloying nanoparticles. According to the VLS mechanism, Sn particles produced in the reaction above first fall on the substrate covered by metallic nanoparticles, and then form Sn-Au alloying droplets by reacting with Au particles [22] , which is strongly supported by the obtained EDS evidence in figure 4(b) . Meanwhile, SnO 2 from the reaction (1) can envelop Sn-Au alloying droplets to form a shell, as shown in figure 6 (a). The second stage is the formation of the Sn protuberance, as shown in figure 6(b) . Due to the temperature-dependent volume expansion of Sn inside the Sn-Au alloying droplets and the confinement from the outer solid shell of SnO 2 , the high internal pressure of the Sn core causes the shell of SnO 2 to protrude outwards [48] . When the inner pressure reaches the endurance limit of the SnO 2 shell, the internal Sn will break through the SnO 2 shell and form a protuberance. This phenomenon is called a nanojet [48, 49] . The third stage is the formation of Sn nanorods enveloped by SnO 2 . The Sn deposits on the protuberance near the Sn-Au alloying droplet so as to form a Sn nanorod; in other words, the growing part of the Sn is between the Sn-Au alloying droplet and the grown Sn nanorod rather than opposite to where the catalyst is. Similarly, SnO 2 continuously deposits on the surface of the Sn nanorod, including the end of the Sn nanorod which is opposite to where the catalyst is, to form the SnO 2 shell as described in figure 6 (c). The final stage is the formation of the SnO 2 /Sn nanocable. Due to the inner Sn nanorod and the exterior SnO 2 nanotube continuously growing, the SnO 2 /Sn nanocable ultimately forms, as shown in figure 6(d).
Conclusion
SnO 2 /Sn nanocables have been grown on single-crystal silicon substrates using Au-Ag catalyst assisted thermal evaporation of SnO powders. The detailed morphologies, microstructures and compositions of the resulting SnO 2 /Sn nanocables have been characterized using SEM, TEM, and PL and Raman spectroscopy. Based on the experimental observations, a growth model of SnO 2 /Sn nanocables has been proposed to address the formation of nanocables in the vapour-liquid-solid process.
